Conversion Factors

INTRODUCTION
Resorts have been developed along the coast north of Kailua-Kona and just south of the study area because of the area's warm, dry climate. However, there is tremendous stress on the area's water resources to supply the thousands of hotel rooms and condominiums, and to turn barren lava rock into lush golf courses and hotel grounds. To meet the present and future water demand and to increase knowledge of ground water in the Kohala area, the Hawaii County Department of Water entered into a cooperative agreement with the U.S. Geological Survey (USGS) to study ground-water availability in the north Kohala area. The project includes a water-budget calculation, a test-drilling and aquifer-testing program, and numerical simulation analysis of the ground-water flow system.
Purpose and Scope
The purpose of this report is to describe the calculation of a mean monthly water budget for the Kohala area of the island of Hawaii, including an estimate of ground-water recharge, which is a data requirement for numerical simulation of the ground-water-flow system. Monthly calculations give a more realistic value of ground-water recharge, compared with calculations made on a mean annual basis, because actual evapotranspiration and water held in the soil root zone are accounted for. Calculations assume natural land-use conditions, which is a reasonable assumption given the rural, sparsely populated aspects of the area. The monthly spatial distribution of the water-budget components by topographic areas is tabulated, and the groundwater recharge distribution is displayed.
Description of the Study Area
The study area encompasses the entire north end of the island of Hawaii, 264.5 mi2 ( fig. 1 ). The extinct volcanic dome, Kohala Mountain, reaches an altitude of 5,600 ft and dominates the area. Three topographic areas are defined within the study area. The delineation of the rift zone subdivides the topographic areas. Area A, to the east (windward) of the mountain crest, between Waipio Valley and Pololu Valley, is severely eroded from landslides and streamflow resulting from the abundant rainfall generated from the orographic lifting of moisture-laden air in the predominant northeast tradewind flow. Mean annual rainfall ( fig. 2 ) ranges from more than 160 in. near Waipio Valley to about 70 in. near Pololu Valley. Similarly, streamflow is abundant in this area from rainfall and because streams are perennial, fed by ground-water discharge in the deeply incised valleys. There is no urban development from Waipio Valley to Pololu Valley from the coast to the Kohala Mountain crest. During the early 1900's the North of Pololu Valley in area B, rainfall decreases to about 35 in/yr near Upolu Point as the altitude of the orographic barrier decreases. Streams in the area are mostly intermittent. Springs in the area are at altitudes from about 600 to 1,800 ft. The public water supply for the area is developed from three tunnel systems that tap spring discharge. The town of Hawi had a population of 924 in 1990 (State of Hawaii, 1991 , and the surrounding area is mostly undeveloped or in small farms south and east to Pololu Valley.
The climate in area C on the west side (leeward) of the Kohala Mountain crest is usually hot and dry where rainfall decreases significantly downslope to the coast. The mean annual rainfall in this area ranges from about 120 in. along the southeast end of the mountain crest to about 8 in at Kawaihae. The area to the west of the mountain crest slopes more moderately to the coast than in area A, from a maximum altitude of 5,605 ft over a distance of about 6 mi. No perennial streams discharge at the shore in this area. Streams discharge at the coast only for short periods during significant heavy rainfall. Ranching is the predominant activity along the mountain crest where there is adequate rainfall. Some "gentleman estate" development occupies a narrow strip from the crest to the coast just north of Kawaihae Bay. The lower slopes are mostly barren lava rock. Because of the warm sunny climate, resort development in the area is expected to increase in the future. However, development is presently being limited by water availability.
WATER-BUDGET MODEL
Ground-water recharge can be estimated using a water-budget model. The method for calculating the water budget is similar to that developed by Thornthwaite (1948) and Thornthwaite and Mather (1955) and is a "bookkeeping" procedure for the plant-soil system that balances moisture inputs of rainfall, and moisture outputs of streamflow, evapotranspiration, and groundwater recharge. The relation is expressed by: G = P-R-AE-ASS (1) where: G = ground-water recharge, P = precipitation, R = direct runoff, AE = actual evapotranspiration, and ASS = change in soil storage.
Data Requirements
A geographic information system (GIS) model was created to calculate the monthly water budget by linking the spatial and quantitative characteristics of the variables in equation 1. The data requirements for the GIS water-budget model include rainfall, stream discharge (runoff) and associated drainage areas, pan evaporation, and soil and vegetation properties.
The study area was digitized from a 1:100,000-scale USGS topographic map prepared in 1980. The area was divided into topographic areas which were subdivided by the delineation of the rift zone and the 400 ft topographic contour in area B ( fig. 3 ). These subdivisions were necessary for subsequent ground-water flow simulations. These spatial data allow the modeler to calculate and display data by individual area or any combination of areas.
Mean monthly rainfall data and spatial distributions were obtained by digitizing the monthly rainfall maps of Giambelluca and others (1986) . The value assigned to the area between the lines of equal rainfall is the average value of the bounding lines.
Several drainage basins ( fig. 4) were digitized from USGS l:24,000-scale topographic maps compiled in 1983. Runoff/rainfall ratios were calculated for each of these basins. Monthly ratios were applied to the rainfall distributions to calculate the runoff component of the water budget.
Mean annual pan evaporation data were obtained by digitizing the adjusted annual pan evaporation map ( fig. 5 ) for the island (Ekern and Chang, 1985) . The average of the values of the bounding lines of equal pan evaporation was assigned to the area between the two lines.
The soil data layer was created by digitizing soil maps from Sato and others (1973) . Before digitizing, Ekern and Chang, 1985) .
the soil types were generalized by grouping soils that had similar available water capacities, rooting depths, permeabilities, and textures based on values from Sato and others (1973) . Boundary lines of these soil groups were transferred to 1:24,000 scale USGS topographic maps for digitizing.
The vegetation data layer was created by digitizing generalized vegetation areas from a 1:250,000 scale map (U.S. Army, 1951). Vegetation rooting depths for these broad categories were provided by the State of Hawaii Division of Forestry and Wildlife (Michael Buck, oral commun., 1989) . These data were combined with the soil data to establish a more comprehensive estimate of rooting depth. In the combined data there were many areas that had the same values for rooting depth obtained from the vegetation map and soil map. For the areas where the two rooting depths differed, the average of the two values was assigned to the area. Maximum soil-moisture storage values were calculated from these combined soil and vegetation data, and a digital map ( fig. 6 ) of the distribution of this soil characteristic was created to use in the GIS model.
Rainfall
The rainfall distribution in the study area is influenced by the orographic effect of the Kohala Mountain on the prevailing northeast tradewinds ( fig. 2 ). Rainfall is abundant in area A (maximum is more than 160 in/yr) where the warm moist air is cooled and forced to rise over the mountains. In the rain shadow of the Kohala Mountain on the leeward (west) side of the mountain crest in area C, rainfall decreases dramatically towards the coast where the average rainfall is less than 10 in/yr at Kawaihae, the driest area in the State (Giambelluca and others, 1986) . Rainfall in area B is more moderate than in area A. As the mountain crest decreases in altitude toward the north shore, air is not forced to ascend and cool, and therefore rainfall decreases.
Twelve maps (Giambelluca and others, 1986) showing lines of equal mean monthly rainfall for the island of Hawaii were compiled from data collected at a network of 31 base stations that had complete records for the base period from 1916 through 1983. Records from an additional 13 stations were used in the statistical analyses. These monthly maps were digitized and constitute the rainfall data set for the GIS model. These data were used to calculate mean monthly rainfall values for the study area that range from a low of 476 Mgal/d in September to a high of 1,021 Mgal/d in April.
The spatial distribution of rainfall varies from month to month, and most significantly from winter to summer months (figs. 7 and 8). In general, rainfall seasonality in the study area appears to be slightly more pronounced in the dry leeward areas along the coast near Kawaihae, than in the wet areas along the Kohala Mountain crest. Figures 7 and 8 show that June rainfall near Kawaihae is about 40 percent of the December rainfall in the area, and near the mountain crest, the June rainfall is about 50 percent of the December rainfall.
Runoff
Streamflow is formed by direct runoff, the water that flows into stream channels promptly after rainfall, and base runoff, the part of Streamflow that is sustained through dry weather from discharge of ground water (Langbein and Iseri, 1960) . To avoid the inclusion of the ground-water component of stream discharge, monthly direct runoff was calculated as the difference between mean monthly discharge and mean monthly base runoff. Base runoff was calculated in this study from monthly flow-duration analyses as the discharge quantity that occurs at least 90 percent of the time during the chosen month. This procedure is consistent with hydrograph separation analyses of these streams.
Monthly direct runoff was calculated as a percentage of monthly rainfall based on Streamflow records representative of each area. In area A, data from eight continuous stream-gaging stations ( fig. 4 ) were used to calculate direct runoff from each basin by subtracting baseflow from the mean monthly flow. For each month, the resulting total direct-runoff volume from these eight drainage basins was divided by the total rainfall volume over the eight basins to determine the monthly direct runoff-rainfall ratios to be applied to the monthly rainfall over area A (table 1).
In area B and in area C zone 4, there are no continuous stream-gaging stations. From results of a water balance computed for the Pearl Harbor area of Oahu (Giambelluca, 1983) , comparable areas on Oahu were chosen with similar mean annual rainfall and soil properties as those of area B and area C zone 4. The Oahu data provided monthly runoff-rainfall ratios that were adjusted for area B and area C zone 4 on the basis of a comparison of the monthly rainfall with annual rainfall distribution determined from rain gages in area B and long-term rainfall data. A linear regression was computarea C zone 4 (table 1) .
ed for the remaining 10 months of runoff and rainfall The monthly direct runoff-rainfall ratios applied in data' in units of incnes: area C zone 3 were estimated following the same proceRunoff = -141.34 + 0.66 (Rain). R2 = 0.83 (2) dure as for the perennial stream basins in area A. Three basins were digitized and the ratio of the sum of the bas relation was W11^to calculate a runoff-rainfall sin's direct runoff to the sum of the basin's rainfall was T*jo for APril and July-Table l snows *** monthly runcalculated for each month. For the months of April and off-rainfall ratios for area C zone 3. July, however, the runoff-rainfall ratios were inordinately high, perhaps because of comparing short-term streamflow records containing large flood events, with a Monthly and annual data from Giambelluca, 1986 (appendix table A. 1) b Total of monthly percentage values slightly greater than 100 due to rounding 0 Because of the difference between Oahu and Kohala area B January monthly to annual rainfall ratios, the January runoff-rainfall ratio for Kohala area B was decreased slightly from the Oahu January ratio.
Actual Evapotranspiration and Soil-Moisture Accounting
Actual evapotranspiration (AE) is the quantity of water evaporated from water and soil surfaces and transpired by plants. Island-wide AE data from direct field measurements do not exist. It is possible to estimate AE however, from pan evaporation and soil data.
Pan evaporation data from class-A evaporating pans provide an estimate of the potential (maximum) evapotranspiration (PE). For this study, pan evaporation is assumed to equal PE based on the results of lysimeter studies in sugarcane fields (Chang, 1968; Campbell and others, 1959) where the average ratio between PE and pan evaporation was about 1.0. The map of mean annual pan evaporation for Hawaii (Ekern and Chang, 1985) is shown in figure 5 and was digitized for the GIS waterbudget model of the study area.
Where sugarcane had been grown in the northeastern part of the study area, pan evaporation is defined by data from stations ( fig. 5 ) with periods of record from 2 to 12 years. There is little variability in the mean annual pan evaporation in the northeastern area: about 80 to more than 90 in/yr. The effect of the Kohala Mountain is most apparent in areas A and C. In area A pan evaporation ranges from about 70 in/yr at the coast to less than 40 in/yr near the mountain summit where temperatures are lower and there is increased rainfall and cloud cover. On the leeward side of the mountains in area C, pan evaporation increases to a high of more than 90 in/yr near Kawaihae. Other pan evaporation stations outside of the study area aid in estimating the location of lines of equal pan evaporation in the study area where no stations are located.
The study area monthly PE distributions were calculated by multiplying the annual pan evaporation value (the average value of the bounding lines is assigned to the area between the lines) shown in figure 5 by the monthly to annual pan evaporation ratios shown in table 2. These ratios were estimated from 12 years of data at Hawi station 168.0 (Ekern and Chang, 1985) .
The PE demand in a particular month can not always be met by the amount of water in soil storage. In such cases AE is less than PE. To estimate AE, the maximum soil storage capacity was calculated for each of the generalized soil groups in the study area. (1973) . Available water is a measure of the quantity of water the soil can hold between field capacity and wilting point; the quantity available to plants. The rooting depth was assumed to be at the depth where the soil profile description changed from "abundant roots" or "common roots" to "few roots" or "no roots." The estimate of rooting depth was refined by combining the soil information with a vegetation map of the area. The vegetation types in the study area included areas sparsely covered by kiawe and grasses, areas more densely covered by koa haole, guava and grasses, and areas covered with mature large trees such as koa with an understory of grasses and shrubs. Table 4 shows the broad vegetation groups, typical plants in each group and an estimated rooting depth provided by the State of Hawaii Division of Forestry and Wildlife (Michael Buck, oral commun., 1989) . By overlaying the soil and vegetation maps, many areas had the same rooting depth values from the vegetation and soil data. For areas where the soil and vegetation rooting depths differed, the average of the two values was assigned to the area.
Maximum soil-moisture storage capacity is the product of the rooting depth and the available water capacity for the soil type ( fig. 6 ). The maximum soilmoisture storage value is important in the water budget because it is the limit above which ground-water recharge occurs and is a determining factor in the calculation of the evapotranspiration rate.
Soil-moisture storage changes each month and is calculated using a month-to-month bookkeeping procedure. The water-budget model was initialized by beginning the month of January with three soil-moisture storage values: the maximum soil capacity value, half the maximum value, and zero. The soil-storage values at the end of December were equal for these three scenarios and these values were input for the initial soil storage in January for the final water-budget calculation. January runoff is subtracted from the sum of the initial January soil storage and January rainfall. The remainder is added to soil storage, and if this quantity exceeds the maximum storage capacity, the excess recharges ground-water. Evapotranspiration is subtracted from soil storage at either the maximum PE rate or at some lesser AE rate depending on the quantity of water in soil storage available to meet the demand. Any water remaining in soil storage is carried over to the next month. This bookkeeping procedure is shown in the following equations. SS Jan + P Jan " RJan~X l 
where: AE = actual evapotranspiration, PE = potential (maximum) evapotranspiration, and Xen(j = soil-moisture storage at the end of the month.
The bookkeeping process provides a running account of month-to-month moisture stored in the soil root area from which evapotranspiration occurs. By identifying the soil's moisture-holding capacity, and applying the water-balance bookkeeping procedure, water surplus and water deficit can be calculated. For this project, water surplus is equated to ground-water recharge; hence, recharge occurs when soil-moisture storage is exceeded. A water deficit occurs when soilmoisture storage is less than full and insufficient to meet the maximum potential evapotranspiration demand.
Ground-Water Recharge
The distribution of ground-water recharge ( fig. 9 ) in the Kohala area is similar to the distribution of rainfall ( fig. 2 ). Ground-water recharge ranges from less than 1 in/yr near Kawaihae and increases towards the Kohala Mountain crest to more than 40 in/yr in wet area A. Recharge similarly varies through the months from Ground-water recharge in area C ranges from less than 1 in/yr along the coast at Kawaihae to about 10 in/yr along the Kohala Mountain crest. Pockets of higher recharge are in areas where the calculated maximum soil-moisture storage is distinctly lower than surrounding areas ( fig. 6) , and/or where the runoff-rainfall ratio is different from that of surrounding areas. Recharge ranges from a low of 4 Mgal/d in June to a high of 58 Mgal/d in January. The mean ground-water recharge for area C is 24 Mgal/d. 
WATER-BUDGET RESULTS
The water budget for the Kohala area shows distinct variations in rainfall, runoff, evapotranspiration and ground-water recharge through the months and for areas A, B, and C (table 5) . Tables 6 and 7 indicate the ratios of runoff, actual evapotranspiration, and groundwater recharge to rainfall on an annual and monthly basis for each area. These ratios, obtained from the water budget, can be used to estimate the water-budget components in the different areas for given rainfall values. The ratios summarize the extreme climatic differences between the areas. Note the high percentage of rainfall used by evapotranspiration and low percentages for ground-water recharge and direct runoff in the dry area C compared with the ratios in area A. As in area C, evapotranspiration is more than 50 percent of rainfall in area B, but only 27 percent of annual rainfall in the wet area A. With a lower runoff/rainfall ratio, the recharge/rainfall ratio attains 33 percent in area B, compared with only 13 percent in area C.
To better understand seasonal ground-water recharge fluctuations, the months were grouped into winter (December, January, February), spring (March, April, May), summer (June, July, August), and fall (September, October, and November) ( Figure 9 shows the mean annual distribution of ground-water recharge computed by the monthly waterbudget model. Generally, the distribution of recharge is similar to the distribution of rainfall: high rainfall areas have high recharge, and low rainfall areas have low recharge values. In some places recharge varies drastically over short distances. This is a result of a difference in the soil-moisture storage values and/or a difference in runoff-rainfall ratios. High soil-moisture storage values effectively decrease the calculated ground-water recharge. Figure 9 and table 5 display the results of the GIS water-budget model as distinct values associated with defined areas. Yet, in reality the vegetation areas, soil areas, and study area boundaries have gradational limits; sharp increases or decreases in associated values are sometimes unrealistic. Similarly, available water capacity and rooting depth values that determine the maximum soil-moisture storage, are average values and there is a certain amount of error associated with that average. The maximum soil-moisture storage component in the water budget has a substantial effect on the calculation of evapotranspiration and ground-water recharge. Therefore, because of the error in the maximum soil-moisture storage value, there is error in the resulting ground-water recharge. Thus, the ground-water recharge distribution depicted in figure 9 needs to be viewed as an estimate.
SUMMARY AND CONCLUSIONS
Ground water is the preferred source for the public water supply on the island of Hawaii because of its quality and dependability. The development of several resorts along the dry and sunny Kohala coast north of Kailua-Kona requires additional water resources to meet future demand.
Rainfall over the Kohala study area ranges from less than 10 inches per year along the coast near Kawaihae to more than 160 inches annually windward of the crest of Kohala Mountain. Aquifers in the 264.5 square mile Kohala area are replenished by ground-water recharge from rainfall that percolates through and beyond the root zone in the soil to the subsurface rock.
Ground-water recharge is estimated as the residual component of a monthly water budget calculated using long-term average rainfall, streamflow and pan evaporation data, and soil and vegetation characteristics. The water-budget components are defined seasonally, through the use of the monthly water budget, and spatially by topographic and geologic areas, through the use of a geographic information system (GIS) model.
